Resting-and acetazolamide (Acz)-activated regional cerebral blood flow (rCBF) measurements were per formed by consecutive single-photon emission computed to mography (SPECT) studies before and after Acz administration using equal-volume-split technetium-99m-L,L-ethyl cystein ate dimer. Quantitative rCBF images were converted from qualitative axial SPECT images by the application of Patlak plot graphical analysis with radionuclide angiography and Las sen's linearization correction, Total time span required for this study was 53 minutes, The unaffected side of 37 studies with unilateral vascular lesions and 45 studies without apparent vas cular lesions showed 132 ± 17% and 140 ± 15% increase of mean CBF (mCBF), respectively, under Acz administration. Acetazolamide (Acz), which increases cerebral blood flow (CBF) but leaves cerebral metabolic rate for oxygen unchanged (Vorstrup et al., 1984) , has been widely used in combination with several CBF tracers, such as, I 33 Xe_ non e 33 Xe), N-isopropyl p-[12 3 Ijiodo-amphetamine e2 3 I-IMP), technetium-99m hexamethylpropylene amine oxime e9mTc-HMPAO), and technetium-99m L,L-ethyl cysteinate dimer (99mTc_ECD), in single-
Comparing these values, the Acz-activated rCBF increases of less-affected and affected hemispheres of 23 studies with bi lateral vascular lesions (116 ± 13% and 113 ± 12%, respec tively) was lower with high statistical significance (P < 0.001). For the other 20 cases, physiologic saline was administered instead of Acz. This group showed no changes in mCBF under placebo administration (after placebo/baseline; 100 ± 6%). Ac etazolamide-activated rCBF increase was recognized clearly and easily using quantitative images. This noninvasive method is easy to perform and may be helpful to detect regional ab normalities of hemodynamic reserve in cerebrovascular dis eases. Key Words: Acetazolamide-CBF-Quantification SPECT -Split dose-99mTc-ECD. photon emission computed tomography (SPECT) stud ies. For precise assessment of regional CBF (rCBF) changes, the study should be performed in succession during a single procedure to ensure baseline rCBF sta bility and reproducibility of the measurement without movement of the patient's head. Quantitative assessment is also required, especially for patients with bilateral or severe hemodynamic compromise, because bilateral de crease (or increase) of the response may obscure abnor malities if analyzed qualitatively.
The compound 99mTc_ECD is superior to 99mTc_ HMPAO during Acz administration in terms of sensitiv ity of lesion detection and lesion-to-normal contrast (Na kagawara et al., 1994) , probably because of lower back diffusion from the brain to the blood as well as its excellent radiochemical stability (Friberg et al., 1994) . Although the first-pass brain extraction of 99mTc_ECD is lower than that of 99mTc_HMPAO (Frib erg et al., 1994) and the loss of 99mTc_ECD from the brain in the period of 30 -100 minutes after injection was reported to be much higher than the corresponding loss of 99mTc_HMPAO (Holm et aI., 1994) , the washout rate is similar for high-and low-perfusion regions and is not affected by Acz administration (Hattori et aI., 1996) , so the relative image contrast was essentially unchanged with time (Friberg et aI., 1994) .
In this study, we applied a simplified noninvasive ap proach to measure resting-and Acz-activated rCBF us ing 99mTc_ECD without any venous or arterial blood sampling.
MATERIAL AND METHODS

Subjects of Acz activation study
The study population consisted of 87 patients (105 consecu tive studies), 43 women and 44 men, with an average age of 61.9 ± 16.1 years (mean ± SD), who were suspected of impair ment of cerebrovascular reserve. Types of stroke were transient ischemic attack or reversible ischemic neurological deficit, which did not contain major strokes but lacunar infarctions. Sixty (19 women and 24 men, with an average age of 58.1 ± 19.2 years) of 105 studies had stenosis apparently detected by magnetic resonance imaging angiography (MRA) or Doppler sonography findings (stenosis group). Thirty-seven (14 women and 13 men, with an average age of 63.2 ± 13.6 years) studies of the stenosis group had unilateral stenosis localized in the affected hemisphere (unilateral stenosis group). The remaining 23 studies (5 wo!ben and 11 men, with an average age of 50.2 ± 25.4 years) had stenosis bilaterally (bilateral stenosis group), whose affected side was decided mainly by clinical symptoms, or determined by the severity of MRA or Doppler sonography findings when they could not be judged according to symp toms. Forty-five (24 women and 20 men, with an average age of 65.3 ± 10.8 years) of lOS studies showed normal MRA or Doppler sonography findings (patent group).
Method of calculating baseline mean CBF
As shown in Fig. lA , the reconstituted 99mTc_ECD delivered in the ready-to-use syringe-type-container (600 MBq/3 mL) was split easily but accurately to the same volume (1.5 mL) using a handmade spacer inserted between the syringe and its plunger rod. After good venous access was established, intra venous radionuclide angiography was performed by bolus in-
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jection of "9mTc_ECD (1.5 mL). The passage of the tracer from the aortic arch to the brain was monitored in a 128 x 128 format (magnification 1.0) for 120 seconds at I-second intervals using a rectangular gamma camera of the two-head SPECT system (Prism 2000 XP, Picker International, Inc., Bedford Heights, OH) equipped with high-resolution parallel-hole collimators. Subjects wore eye masks and faced the detector in the supine position in a quiet room. Regions of interest (ROI) were drawn manually over the aortic arch and less-affected cerebral hemisphere. Assuming the unidirectional transfer process of 99mTc_ECD from the blood to brain, brain activity, B(t), can be expressed as:
where A(t) represents the arterial activity, ku is the unidirec tional influx rate, and Vn is the initial distribution volume. Dividing this equation by AU) provides the following equation:
provides ku as the ordinate intercept of the straight line. There fore, time activity curves of above-mentioned two ROI were plotted and the time delay of the brain activity curve to the aortic arch was corrected by shifting to the left to match the peak times of both curves. Then the graph of the ratio of brain activity to aortic arch activity at the respective times (ordinate: B(t)/A(t» versus the ratio of aortic arch activity-time integral to aortic arch activity at the respective times (abscissa: was composed to obtain the slope (ku) of a straight line fitted by a least square routine. A hemispheric brain perfusion index was determined as was described in the previous study (Matsuda et aI., 1992) .
Brain perfusion index was then converted to mean CBF (mCBF) value for the early picture method by 1 33 Xe-inhalation SPECT using the regression equation given in the previous study (Matsuda et aI., 1995) . For the patent group, whose af- ) of 99mTc-ECD, followed by the consecutive single-photon emission computed tomography (SPECT) imaging before and after acetazol amide (Acz) administration. Immediately after the completion of the first SPECT acquisition, another 1.5 mL (300 x 0.951 MBq) of 99mTc-ECD was injected 10 minutes after Acz administration, and 9 minutes later the second SPECT acquisition was started. (8)
Post-Acz SPECT data was calculated by subtracting the first SPECT data (1 sl raw) from the second SPECT data multiplied by 1.052 (2nd corrected) . fected side could not obviously be determined by clinical symptoms and MRA or Doppler sonography findings, mCBF of whole brain was calculated from the ROl containing bilateral hemispheres.
Method of calculating Acz-activated mCBF
Seven minutes after the completion of radionuclide angiog raphy, cerebral SPECT imaging was carried out using the Prism 2000 XP employing high-resolution fan-beam collimators with a workstation (Picker, Odyssey VP). The projection data were obtained in a 64 x 64 format (magnification 1.33) for 36 angles in a 1800 arc for each camera with 25 seconds per angle. The time required for SPECT data acquisition was 17.5 minutes.
One gram of Acz was intravenously administered \0 minutes before the completion of the first SPECT acquisition. Without any change in the subject's head position, intravenous injection of the rest (1.5 mL) of 99rnTc_ECD was performed immediately after stopping of the first data acquisition. Nine minutes later, the second projection data acquisition, whose acquisition con ditions were identical to those of the first, was started.
The first (baseline) and second projection data were recon structed by filtered back-projection method using Ramp filter followed by postprocessing Butterworth filter (order 8, cutoff 0.28). Attenuation correction was performed using Chang's method (attenuation coefficient: fL = 0.09). To obtain Acz activated (post-Acz) projection data, the first projection data were subtracted from the second SPECT data multiplied by 1.052, which was the correction coefficient for the decay of 99rnTc between the first and the second SPECT study (Fig. IB) , and finally the baseline and post-Acz projection data were re formatted.fWhen the rotating radius is 16.0 cm, the pixel size and the slice thickness was 4.5 mm 2 and 4.5 mm, respectively.
For the calculation of Acz-activated mCBF (post-Acz mCBF) of the stenosis group, a transverse slice containing basal ganglia (slice thickness, 9.0 mm) was produced from the summation of axial SPECT images as the reference slice. Re gions of interest were drawn manually over each less-affected cerebral hemisphere containing all structures composed of gray matter, white matter, and ventricle. Baseline and post-Acz mean SPECT counts of less-affected hemisphere were calcu lated using the above-mentioned ROI of respective reference slices. The Lassen's linearization correction algorithm (Lassen et a!., 1988) was adapted to baseline mean SPECT count. Be cause of a curvilinear relationship between the brain activity and CBF, the Lassen's linearization correction algorithm was needed for the calculation of post-Acz mCBF. The linearization correction factor ex was determined as follows: ex = k 3 /k2, where k 3 is the conversion rate constant from lipophilic to hydrophilic tracer in the brain and k2 is the back-diffusion rate constant from the brain to the blood stream. In a 99rnTc_ECD study ex value was proposed to be fixed to 2.59 by Friberg et a!. (1994) . Using this algorithm, post-Acz mCBF was estimated from the baseline mCBF, baseline mean SPECT count, and post-Acz mean SPECT count as follows: exx X post-Acz mCBF = baseline mCBF x (1 ) + ex -X where X = post-Acz mean SPECT count/baseline mean SPECT count. The post-Acz mCBF of the patent group was calculated by the same procedure as in the unilateral stenosis group but using manually drawn ROI containing whole hemi spheres.
Method of creating quantitative rCBF images
In rCBF quantification, as described in the previous study (Matsuda et a!., 1995) , baseline and post-Acz 99rnTc_ECD transaxial SPECT images were converted to baseline and post Acz quantitative rCBF images using baseline mCBF and post Acz mCBF, respectively, by the application of Lassen's linear ization correction algorithm (ex = 2.59).
In principle, respective rCBF values can be calculated from any size ROl positioned at will in a baseline or post-Acz quan titative slice. However, rCBF analyses were performed mostly 1.00 ± 0.06 1.00 ± 0.06 1.00 ± 0.06
The unit of CBF: mL 100 g-' min-l . TIA, transient ischemic attack; SAH, subarachnoid hemorrhage; ICA, internal carotid artery; NO, not detected;
CBF, cerebral blood now; mCBF, mean CBF; rCBF, regional CBF; IR, increment ratio; mlR, mean IR; rlR, regional IR; Lt, left; Rt, right.
using above-mentioned hemispheric ROI in this preliminary study, and smaller ROI were used in the limited cases (refer to respective figure legends of case I and case 2 in the case presentations) for the more precise analysis of localized re gions. For the analysis of cerebral perfusion increment ratio (IR) was calculated from post-Acz CBFlbaseline CBF. Mean IR (mIR) and regional IR (rIR) signified post-Acz mCBFI baseline mCBF and post-Acz rCBFlbaseline rCBF, respec tively.
Placebo study
To determine' the reproducibility of this consecutive 99mTc_ ECD SPECT studies, patients exclusively referred for resting SPECT study were examined with the same procedure used in the Acz activation study protocol without Acz but with physi ologic saline administration. Twenty subjects with various ce rebral perfusion conditions (placebo group: 9, transient isch emic attack; 2, chronic infarction; 2, Alzheimer's disease; 2, psychiatric disease; 2, meningioma; I, subarachnoid hemor rhage; I, Parkinson's disease; and 1, epilepsy; 12 women and 8 men with an average age of 61.4 ± 13.9 years) were examined (Table I) after obtaining their informed consents. Baseline mCBF, placebo-loaded (post-placebo) mCBF, baseline quanti tative image, and post-placebo quantitative image were ob tained by the same procedures as for the Patent Group. Using baseline and post-placebo quantitative rCBF-mapping SPECT images, rCEF values of the reference slice (the level of basal ganglia) of each side were calculated, and similar analyses using IR were performed (Table 1) .
Follow-up study
To evaluate the effects of revascularization surgery, eight patients (no. I, 3, and 7 of the bilateral stenosis group and no. 9, 19, 28, 30, and 38 of the unilateral stenosis group) were followed up using this protocol (no. 8 was withdrawn from the follow-up study because of change of residence). Clinical di agnosis, symptoms, and MRA findings are summarized with IR values in Table 2 .
RESULTS
In the placebo group (Table 1) , mIR of bilateral hemi spheres and rlR of the quantitative reference slice (the level of basal ganglia) of each hemisphere were 1.00 ± 0.06 (mean ± SD) combined. The rCBF values of both hemispheres showed a good agreement with mCBF (P < 0.001, Fisher's paired z-test) as shown in Fig. 2 .
As shown in Table 3 , the unilateral stenosis group showed less increase of rCBF values in the affected hemisphere compared with those in the unaffected hemi sphere (P < 0.001). The rlR was 1.33 ± 0.13 and 1.26 ± 0.18 for unaffected side and affected side, respectively.
On the other hand, rIR was lower in both affected and less-affected hemisphere in the bilateral stenosis group as shown iIi Table 4 (1.16 ± O. 13 in less-affected side and 1.13 ± 0. 12 in affected side). A significant difference was not recognized between rlR of the less-affected side and rIR of the affected side of the bilateral stenosis group (P o 0.85 +-""T" "�----'r--" "'-" "T" "�----'r--" "'-" "T" "�---' 0.88 0.00 0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10 mlR stenosis group, between rIR of the less-affected side of the bilateral stenosis group and mIR of the unilateral stenosis group, and between rIR of the affected side of the bilateral stenosis group and mIR of the unilateral stenosis group by unpaired Student's t-test. Using mIR of the patent group instead of mIR of the unilateral stenosis group, a more significant difference (P < 0.00 I) was also recognized. The results of these statistical analyses are summarized in Fig. 3 . The values of mIR and rIR of right and left hemi spheres of the patent group (Table 5 ) were lAO ± 0.15, lAO ± 0.15, and 1.39 ± 0.15, respectively. These values were higher than those of the unilateral stenosis group and the bilateral stenosis group. Table 2 summarizes the follow-up study in eight cases. The IR values increased to exceed 1.20 when their clini cal symptoms improved postoperatively.
CASE PRESENTATION
Case 1: Patient 38 in Table 3 A 9-year-old boy was admitted with weakness of the left upper extremity caused by hyperventilation from Au gust 1996. Magnetic resonance imaging on November 28th, 1996, showed no abnormality, but MRA showed stenosis of the circle of Willis and proliferation of col lateral vessels (Fig. 4) . He underwent SPECT study the next day (Fig. 5 ). Although resting images showed nor mal perfusion, significant increase of rCBF was not manifested in the right CRt) middle cerebral artery terri tory during Acz administration. The localized impair ment of cerebral vascular reserve was clarified, and en cephalo-duro-arterio-synangiosis of the Rt side was per- formed December 10. The follow-up SPECT study on January 23, 1997, 6 weeks after the operation (Fig. 6) , showed restoration of vascular reserve in Rt middle ce rebral artery territory and developed vascular reserve in other regions. Up to now his symptoms have completely disappeared.
Case 2: Patient 28 in Table 3 A 68-year-old woman experienced left facial numb ness on September 9, 1996. Her symptoms improved the next day, but severe Rt internal carotid artery stenosis was suspected by cervical Doppler sonography. Mag netic resonance imaging showed several lacunar infarc tions in the bilateral internal capsule, and the Rt middle cerebral artery was poorly visualized by MRA (Fig. 7) . The 99% stenosis of the Rt internal carotid artery was confirmed by digital subtraction angiography (Fig. 7) . The quantitative SPECT images on October 3 showed hypoperfusion in the resting condition and no increase of rCBF during Acz administration in the Rt anterior cere- The unit of CBP: mL 100 g-I min-I. ICA, internal carotid artery; EDAS, encephalo�duro�arterio�synangiosis: MCA, middle cerebral artery; CCA, common carotid artery; V A, vertebral artery; STA, superficial temporal artery; PTA, percutaneous transluminal angioplasty; CBP, cerebral blood flow; mCBF, mean CBF: rCBP, regional CBP; JR, increment ratio; mlR. mean IR; rlR, regional IR; MRI. magnetic resonance imaging; Lt. leti; Rt, right; Acz. acetazolamide. The unit of CBF: mL 100 g-I min-I. CBF, cerebral blood now; mCBF, mean CBF; rCBF, regional CBF; IR, increment ratio; mIR, mean IR; rIR, regional lR; MRI, magnetic resonance imaging; Lt, left; Rt, right; Acz, acetazolamide.
bral artery-middle cerebral artery watershed territory. Decreased regional vascular reserve in the territory was disclosed and endarterectomy of Rt internal carotid ar tery was performed October 15. The follow-up SPECT studies were performed November I, 1996 (2 weeks after the operation), and January 14, 1997 (13 weeks after the operation). Although the resting quantitative SPECT im ages did not change remarkably, Acz-activated quantita tive SPECT images clarified gradual improvement of vascular reserve in the watershed territory (Fig. 8) .
DISCUSSION
In brain perfusion studies, quantitative flow-mapping measurements are required, especially for diagnosis of a diffuse flow reduction, and are essential to evaluate the indication and the therapeutic effects of revascularization surgery. Vasodilation leading to increased cerebral blood volume is reported to be the first response to diminished perfusion pressure in an autoregulation mechanism (Baron et aI., 1981; Gibbs et aI., 1984) , and regions with limited vusodilatory potential would show less blood now increase in a vasodilatory challenge test. For the estimation of cerebrovascular reserve, Acz, which in creases CBF but leaves cerebral metabolic rate for oxy gen unchanged (Vorstrup et aI., 1984) , is widely used with various CBF tracers.
To perform any quantification of rCBF, it is necessary to measure the arterial input of the tracer used. Instead of conventional arterial blood sampling method, Patlak plot graphical analysis (Patlak et aI., 1983; Patlak and B las berg, 1985) was applied to the time activity curves of aortic arch and brain in this protocol. As shown in Fig.  lA, using 99mTc_ECD , consecutive SPECT studies be fore and after Acz administration with adjunctive radio nuclide angiography performed in 2 minutes makes it possible for baseline and post-Acz rCBFs to be quanti fied using a rectangular gamma camera of the two-head SPECT system without blood sampling. The acquisition conditions of the second SPECT study were identical to those of the first, and the same volume (1.5 mL) of 99mTc_ECD (syringe-type: 3 mLl600 MBq) was split for each SPECT acquisition. Accordingly, the intervals of 99mTc_ECD injections and the commencements of the SPECT acquisitions are identical (26.5 minutes), and some corrections needed for the subtraction of the base line SPECT data from the second SPECT data were re markably simplified. As shown in Fig. IB, the minutes), so that 100% of post-Acz 99mTc_ECD activity was obtained by subtracting the baseline SPECT data from 1.052 (1/0.951) multiplied second SPECT data. Ne glecting this 99mTc_decay correction would lead to erro neous underestimates of the values of post-Acz CBF.
For this subtraction process, positions of the gamma camera and the subject could not be changed during the interval of consecutive SPECT studies, so that the second radionuclide angiography during Acz administration could not be performed. Hauge et ai. (1983) examined the pharmacologic effects on the cerebral and systemic conditions of Acz, and concluded that cardiac output and total peripheral resistance were unaltered during Acz loading. We also monitored cardiac output and systemic blood pressure during Acz administration in five normal volunteers using ultrasound Doppler system, and any sig nificant changes were not observed (data not shown). Hence post-Acz arterial input could be regarded the same as at rest, so that Acz-induced mCBF increase was rightly considered to be causative of Acz-induced mean SPECT count increase. Therefore, post-Acz mCBF could be calculated from the baseline mCBF, the baseline mean SPECT count, and the post-Acz mean SPECT count us ing Lassen's linearization correction algorithm (ex = 2.59). Post-Acz rCBF was converted from post-Acz qualitative 99mTc_ECD trans axial SPECT images using Lassen's linearization correction algorithm. Accord ingly, post-Acz rCBF quantification, which was cor rected twice by Lassen's algorithm, was deemed to be overestimated. However, as shown in Fig. 2, repro- FIGS. 5 and 6. Qualitative and paired quantitative SPECT images at the level of the body of the lateral ventricle (top) and basal ganglia (bottom). Baseline and post-Acz images are shown at the left and Rt side, respectively. The sectoral-shaped regions of interest (ROI, 30 to 50 pixels) were drawn manually in the cortical anterior cerebral artery, middle cerebral artery, and posterior cerebral artery territory of each slice. The numerals exhibit regional cerebral blood flow (rCBF) values of each ROI and the rlR values of each rCBF are shown in parentheses. Abbreviations as in other figures. ducibility of this protocol was confirmed by the result that administration of physiologic saline instead of Acz (placebo group) caused no significant increase of rCBF or mCBF.
As for washout of the radioactivity from the brain, the loss of 99mTc_ECD from the brain in the period of 30 to -100 minutes after injection was reported to be much higher than the corresponding loss of 99mTc-HMPAO and varied from region to region (Holm et aI., 1994) . However, it was also reported that 99mTc_ECD has a constant decreasing washout rate in all cerebral regions of -15% during the first hour after injection (Shishido et aI., 1994) . Moreover, Hattori et al. (1996) precisely ex amined consecutive brain perfusion studies using double injections of 99mTc_ECD and Acz, and they concluded that 99mTc_ECD washout was minimal during the first 50 minutes after injection and was not affected by Acz. Therefore, the washout of 99mTc_ECD was regarded as not serious for this protocol because the SPECT data acquisition in this study was obtained 9 to -26.5 minutes after injection and the total time required for this proto col was within 1 hour.
Acz was reported to demonstrate approximately 30% flow increase in normal controls measured by 1 33 Xe_ SPECT studies (Vorstrup et aI., 1986; Kreisig et aI., J Cereb Blood Flow Metab. Vol. 17. No. 10. 1997 1987; Bonte et aI., 1989) . In this study, mIR values of 37 unaffected hemispheres of the unilateral stenosis group and of 45 bilateral hemispheres of the patent group were 1.32 ± O. I7 and 1.40 ± 0.15, respectively, which is com parable to the percent increase from resting values in unaffected cerebral cortices measured by 1 33 Xe-SPECT studies. For the placebo study subjects with various ce rebral perfusion conditions, not healthy volunteers, were endeavored to be selected, and excellent reproducibility of the placebo study was manifested. Considering these results, the feasibility of this protocol was supposed to be convincing enough for the routinely performed clinical SPECT study to examine the vascular reserve.
From the standpoint of the follow-up studies, objective judgment of Acz-induced CBF response was impossible only for the qualitative SPECT images, and the baseline quantitative images showed almost the same findings between the preoperative and the postoperative SPECT studies of patient no. 38 (case 1 in case presentation). In this patient the post-Acz quantitative images alone showed the recovery from impaired regional vascular reserve. For the evaluation of patient no. 28 (case 2 in case presentation), quantitative rCBF analyses using global ROI were inadequate and those using localized ROI were essential to manifest diminished regional vas-In conclusion, consecutive 99 mTc_ECD SPECT studies before and after Acz administration with adjunctive ra dionuclide angiography are easy to perform for routine clinical studies and quite useful for the evaluation of regional vascular reserve and for the improvement of the sensitivity for detecting regional hemodynamic abnor malities.
